2,5-bis-(4-biphenyl)-yl-1,3,4-oxadiazole (1a), 2,5-bis-(4-(6,8-difluoro)-biphenyl)-yl-1,3,4-oxadiazole (1b) and 2,5-bis-(4-(spiro-fluorenyl)-phenyl)-yl-1,3,4-oxadiazole (1c) were designed, synthesized and characterized. 1a-c were easily obtained from Suzuki reactions between 2,5-bis-(4-bromo-phynyl)- [1, 3, 4] oxadiazole (2) 1.18 V, and their reduction potentials are -2.31, -2.22 and -2.27 V, respectively, indicating that the introduction of electronegative oxadiazole unit lowers the electron density in molecules and enhances their stabilities. The LUMO/HOMO energy levels of 1a-c are as low as -2.39/-6.56, -2.48/-6.69 and -2.43/-5.88 eV, respectively. The good thermal stabilities and low orbital levels of 1a-c make them promising electron-transporting or hole-blocking materials for organic optoelectronic devices.
Introduction
As is well known, good electron-transporting (ET) materials used in organic optoelectronic devices can effectively reduce operation voltages and improve device performances. When an electron-transporting material possessing a wide band gap or a low energy level of the highest occupied molecular orbital (HOMO) , that material can also used as a hole-blocker (HB) in devices for controlling hole transport to improve device quantum efficiency [1] .
Oxadiazole derivatives were widely reported as ideal ET/HB materials in organic optoelectronic devices. Oxadiazole was not only used as an ET unit in fabricating good ET materials for its high mobility of electrons, but also as a good HB unit in fabricating good HB materials for its control of π-conjugation, resulting in a wide band gap [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
2-tert-butylphenyl-5-biphenyl-1,3,4-oxadiazole (PBD) was the first reported small organic material used as an ET layer in organic light-emitting diodes (OLEDs). PBD is one of the most efficient HB/ET materials because of its high electron affinity and wide band gap. However, because of its low melting temperature (T m : 136
• C), the vacuum-deposited film of PBD showed a strong tendency to crystallize at the elevated temperature reached during device operation. Accordingly, many materials, including organic small molecules and polymers with oxadiazole units in the backbone or in side chains, have been designed and prepared as HB/ET materials with higher T m s than that of PBD [12] [13] [14] [15] . The materials can be called molecular glasses, but they have not shown better device performances than PBD. Obviously, the incorporation of substituents enhances glass formation but hinders translational, rotational and vibrational motions of molecules, as well as intermolecular interactions, resulting in important effects on charge transporting properties [16] . So non-branched oxadiazole derivatives can be designed and prepared to improve film morphologies and charge transporting properties by the incorporation of structurally rigid moieties with strong electron affinity [17] [18] [19] .
In this paper, we describe some novel linear phenylene/oxadiazole oligomers having a 2,5-bis(diaryl)-1,3,4-oxadiazole core and end-capped with different functional groups 1a-c (Scheme 1), that were expected to be good ET/HB materials. These were obtained by Suzuki coupling reactions. The optical, thermal and electrochemical properties of these materials were studied. 2.3.2 Synthesis of 2-bromo-9-hydroxy-9-(2-biphenyl)fluorene 40 mL of a THF solution of 2-bromobiphenyl (6.26 g) was added dropwise into a dried flask containing magnesium filings (0.63 g), and the mixture refluxed for 30 min to produce the Grignard reagent. 50 mL of a THF solution of 2-bromo-9-fluorenone (6.5 g) was added into the Grignard reagent, and the mixture refluxed overnight. The resulting reaction solution was hydrolyzed and extracted with ether. The organic phase was dried with MgSO 4 and purified by column chromatography to obtain 2-bromo-9-hydroxy-9-(2-biphenyl)fluorene (6.3 g, yield 61% 
Synthesis of 2-bromo-spirofluorene
2-bromo-9-hydroxy-9-(2-biphenyl)fluorene (2g) dissolved in 25 mL acetic acid (15 mol/L) containing hydrochloric acid (12 mol/L) was refluxed for about 2 h to separate out a white solid, which was recrystallized with ethanol to produce white crystals of 2-bromo- 2.3.4 Synthesis of spirofluorenyl-2-boric acid 3 mL of n-BuLi (1.6 M in hexane) was added at -78
• C into a THF solution of 2-bromospirofluorene (1.2 g). After the mixture had been stirred for 30 min, 1.5 mL of B(OH) 3 (4.0 eq.) was added. The resulting mixture was stirred overnight at room temperature, and then 25 mL of 2 M hydrochloric acid was added and stirring continued for 8 h. The final reaction mixture was extracted with ether, the organic phase was dried with MgSO 4 and purified by column chromatography to the white solid spirofluorenyl-2-boric acid (3c) (0.65g, yield 57%). GC-MS (m/z + ): 360.
Synthesis of oxadiazole derivatives (1)
Pd(PPh 3 ) 4 (0.04 g) and K 2 CO 3 aqueous solution (3 mL, 2 mol/L) were in turn added into a three-necked flask containing 30 mL of a toluene solution of 2,5-bis(4-bromophynyl)- [1, 3, 4] oxadiazole (2) (0.29 g) and phenylboric acid (3a) (0.3 g), and the mixture refluxed overnight. All operations were performed under nitrogen atmosphere and in darkness. The reaction was quenched with water, which was added until a white solid separated out. The solid dissolved in CH 2 Cl 2 and was purified by column chromatography to obtain white 2,5-bis- 
Results and discussion

Thermal properties
The thermal properties of the oxadiazole derivatives 1a-c were determined by the methods of differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Table 1 and 2.7 times higher than that of PBD, respectively. As mentioned above, because of the low T m , the vacuum deposited films of PBD showed a strong tendency to crystallize at the elevated temperature reached during device operation. Based on the simple idea that a nonplanar molecular structure might prevent easy packing of molecules and hence ready crystallization, we designed the oxadiazole derivatives 1a-c with different molecular size and weight. The molecules of 1a-c in which two usually identical bulk groups are linked by the oxadiazole unit are so called twin molecules: one of the most common topologies of glass-forming molecules. Compared with PBD, the melting temperatures of 1a-c can be increased by the incorporation of structurally rigid moieties and the increases of molecular size and weight. Accordingly, 1a-c might show stronger glass-forming tendencies than PBD. The formation of the glassy state was well confirmed by DSC (Fig. 1) . The DSC curves were quite reproducible. When the purified samples of 1a-c were heated to form isotropic liquids, endothermic peaks due to melting were observed at 237
• C for 1a, 208 • C for 1b and 370
• C for 1c, respectively. When the isotropic liquids were cooled, the exothermic peaks due to crystallization were observed at 228 and 184
• C only for 1a and 1b, respectively, and the transparent glass phases of 1a-c were spontaneously formed. No crystallization during cooling the isotropic liquid indicates the glass state of 1c is very stable probably due to the spirofluorenyl unit with its large molecular size and weight. When the amorphous glass samples were again heated, the glass-transition phenomena were also observed at 128
• C for 1a, 178
• C for 1b and 206
• C for 1c, respectively. On further heating above the glass-transition temperatures (T g ), an exothermic peak due to crystallization was observed at 280 • C only for 1c. The high T g s and T m s of 1a-c, in particular 1c, might make their glassy states more stable than that of PBD. Decomposition temperature (T d ) is of importance to evaluate thermal properties of amorphous molecular materials. Fig. 2 gives the TGA curves of 1a-c. The decomposition temperatures of 1a-c are high at 336, 315 and 431
• C, respectively, resulting in good thermal stabilities. The change of T d s shows the same tendency as that of T m s given by DSC. Compared with 1a and 1b, 1c shows better amorphous film structure and thermal stability. Considering thermal properties, 1c might be a promising candidate to replace PBD, commonly used for organic optoelectronic devices.
Optical properties
Fig . 3 shows the UV-Vis absorption and fluorescence emission spectra of 1a-c in a solution of CH 2 Cl 2 at room temperature, and the solid fluorescence emission spectra of 1a-c cast onto a quartz substrate. Table 2 lists the results of optical characterization of 1a-c. It can be observed that the UV-Vis absorption of 1a-c in solution exhibit the maximum absorbances at λ abs of about 314, 309 and 345 nm, respectively. When in Table 1 The thermal properties of 1a-c. CH 2 Cl 2 solution , 1a-c gave violet blue photoluminescence with emission maxima at λ em of 377, 371 and 391 nm upon excitation at 314, 309 and 345 nm, respectively. Similarly, in the solid state, 1a-c gave also violet blue photoluminescence with emission maxima at λ em of 392, 408 and 419 nm, respectively using the same excitation as in solution. In comparison with 1a and 1c, 1b showed blue shifts both in UV-Vis absorption and in fluorescence emission due to the presence of the strong electron-withdrawing group -F in its molecules. On the other hand, compared to 1a and 1b, 1c showed red shifts both in UV-Vis absorption and in fluorescence emission because of the increase in π-conjugation due to the presence of the spirofluorenyl unit in the molecules, which is in accordance with the characteristic UV-Vis absorption and fluorescence emission of spirofluorenyl derivatives [20] .
In comparison with fluorescence emissions of 1a-c in solution, those in the solid state showed red shifts of 34, 37 and 11 nm, respectively, as a result of the stronger intermolecular interactions. The change of only 11 nm for 1c again confirmed that the solid film of 1c showed poor crystallization tendency, which was also confirmed by DSC. Fluorescence quantum yields (Φ f ) of 1a-c in solution (using quinine sulfate as standard sample in 0.05 M H 2 SO 4 ) are found to be extremely high at 98 %, 97 % and 99%, respectively.
According to the equation E = hc/λ, where h = 6.626×10 −34 J·s, c = 3.0×10 8 m/s and λ is λ abs onset , the calculated band gap energies (E g ) of 1a-c are wide, being 3.49, 3.54 and 3.22 eV, respectively. Because of the increase of π-conjugation due to the introduction of the spirofluorenyl unit in the molecules of 1c, the E g of 1c is narrower than those of 1a and 1b.
Electrochemical properties
For an organic semiconductor material, cyclic voltammetry (CV) is usually used for convenient study of its electrochemical behavior, such as LUMO/ HOMO energy levels and band gap energy. The CV spectra of 1a-c are given in Fig. 4 . Table 3 lists the results of electrochemical characterization of 1a-c in 0.1 M methylcyanide solution of (nBu) 4 NPF 6 at room temperature, using Ag/AgNO 3 as reference electrode, glassy-carbon as working electrode and platinum as counter electrode. The CV spectra show that the oxidations of 1a-c are not reversible and only the reductions of 1b and 1c are reversible (n-type doping). Because of the presence of the large-sized spirofluorenyl unit in the molecules, 1c shows a characteristic CV spectrum different from those of 1a and 1b. There is an additional oxidation potential at 1.45 V in the CV spectrum of 1c compared with those in 1a and 1b. The oxidation potential at 1.45 V is the characteristic CV oxidation potential of the spirofluorenyl structure in accordance with that reported [21] . This shows that the incorporation of a spirofluorenyl unit brings about particular electronic effects on electrochemical properties of molecules.
According to the electrochemical analysis, the lowest unoccupied molecular orbital (LUMO) /the highest occupied molecular orbital (HOMO) energy levels in the molecules of 1a-c are -2.39/-6.56 eV, -2.48/-6.69 eV, and -2.43/-5.88 eV, respectively. The corresponding band gap energy E g s( E g = | LUMO-HOMO | ) of 1a-c are 4.17 eV, 4.21 eV and 3.45 eV, respectively. Obviously, the band gap energy E g calculated by electrochemical analysis is larger than that calculated by UV absorption (4.17 vs 3.49 for 1a, 4.21 vs 3.54 for 1b, and 3.45 vs 3.22 for 1c), values which have not been well interpreted [22] .
The low LUMO and HOMO levels of the oxadiazole derivatives 1a-c make electron injection more efficient for use as electron-transporting and hole-blocking materials in organic electronics. Among the oxadiazole derivatives, 1b has the highest reduction potential (-2.22 > -2.31, -2.27) and the lowest LUMO energy level ( -2.48 < -2.39, -2.43) due to the electron-withdrawing group of -F in the molecules of 1b.
Conclusion
The oxadiazole derivatives 1a-c were easily synthesized by the method of Suzuki reactions. Their high glass-transition temperatures and melting temperatures make their amorphous films more stable. Their low orbital energy levels make electron injection more efficient. Compared with PBD, commonly used as electron-transporting or hole-blocking materials, the oxadiazole derivatives 1a-c are better electron-transporting or hole-blocking candidates. We will report their application in organic light-emitting diodes in the near future. 
